Clinical trials and experimental models indicate that dendritic-cell-based immunotherapy is promising for treatment of different types of cancer. However, dendritic cells (DCs) have strong immune-regulatory capacities and can not only stimulate but also dampen immune responses. It is also well known that the different DC subsets strongly influence the magnitude and quality of adaptive immune responses. In this review, to improve understanding of the DC-based immunotherapy approach, we briefly describe different DC subsets and the differentiation, maturation, and activation of these cells. One form of cancer for which there is a strong need to find, establish, and standardize new, alternative therapies is colorectal cancer. This review discusses some of the factors, including those involved in DC dysfunction, that we believe to be of major influence in DC therapy in colorectal cancer.
Introduction
For a tumor to progress and become fatal it must evade the immunosurveillance of the host and the mechanisms by which malignant cells are destroyed. Activation of the body's own immune defense to destroy tumor cells has been a goal for many years. Promising results have been achieved in clinical trials, e.g. by blocking the T cell-expressed negative immune modulator CTLA-4. [1] [2] [3] A challenge in anti-CTLA-4 therapy is to avoid the potential risk of inducing autoimmune effects. Another focus for potential immunotherapy has been and is the dendritic cell (DC). The DC is of crucial importance in recognizing and presenting pathogens, and is often referred to as nature's adjuvant due to its unique ability to capture, process, and present antigens which in turn stimulate a specific immune response. 4 The importance of DCs in cancer has been known for more than 20 years, and it has been shown that many patients with tumors invaded by DCs have a far better prognosis. 5 Other studies have shown that DCs isolated from cancer patients have a significantly lower effect in stimulating an immune response than do DCs isolated from healthy patients, and even T cells from healthy patients seem to perform worse in a tumor-induced environment. 6, 7 This implies that the tumor environment limits the effect of DCs; correcting this might first of all give us an important insight in how tumors escape immune-surveillance, but it might also help to improve treatment against cancer.
Under normal circumstances DCs are only found in small amounts in the human organism, and this has somewhat limited the evolution of DC vaccines. However, progress in the in vitro production of DCs has now made it easier and less costly to produce amounts that allow their use in therapeutic settings. 8 This development, in combination with the continuing discovery of different tumor antigens and knowledge of how to modify these antigens beneficially in vaccines, has evoked increased interest in DC-based therapy. A valid reason to use this kind of immunologic approach is that in a number of cancers the normal antigen presentation and maturation of DCs are frequently defective but can be to some extent bypassed in DC-based therapy: by targeting tumor antigens to DCs in vitro or in vivo, the process of antigen presentation and maturation can be regulated. However, a major challenge for successful DC-based cancer therapy is overcoming the tumor-microenvironmentinduced immune suppression.
Colorectal cancer (CRC) is a type of cancer for which there is a dire need of alternative treatments besides surgery, radiotherapy, and chemotherapy. Radio-and chemotherapy have been strongly associated with both a poor quality of life for the patient and adverse side effects. Systemic toxicity is not the only problem; there is also the question of the development of tolerance seen with chemotherapy. Last but not least, there is the fact that 30% of newly diagnosed CRC patients have unresectable tumors, and 19% of patients have developed metastases at the time of initial diagnosis. [9] [10] [11] In general, CRC can be divided into three groups according to hereditary predisposition and cancer risk: i): sporadic CRC with no inherited predisposition (60%); ii) familial CRC with at least one affected blood relative but no inherited genetic mutation (30%); and, finally, iii) hereditary CRC syndromes (10%). 12 In CRC the tumor is often genetically unstable: alterations of the genes involved in antigen presentation and the HLA class I expression often occur, [13] [14] [15] and CRC can be further subdivided on the basis of whether the tumor contains a mutation resulting in microsatellite instability (MSI). MSI occurs because the mutation leads to a defect in the DNA mismatch repair system, with subsequent accumulation of deletions and insertions of single nucleotides in repetitive DNA sequences. 15 The MSI phenotype is characteristic in most hereditary non-polyposis colorectal cancers (HNPCC) but is also seen in 10-30% of sporadic CRCs. 12, 16 For a functional CD8 + T cell immune response to take place against a tumor cell, antigens should be presented by HLA class I molecules on the surface of the cell. In 1998 Cabrera et al. showed that 73% of the cases in a study of 78 CRC patients had detectable HLA class I deficiency. 14 Other studies have proposed that the different types of CRC might follow individual routes in loss of HLA class I complexes as a result of whether MSI is present or not. Defective HLA class I expression in MSI-positive tumors may be due to alteration of the β2-microglobulin molecule, but loss of HLA class I in MSI-negative tumors might be an effect of modulation of antigenprocessing machinery (APM) components such as TAP and/or tapasin. 16, 17 Recently a distinction between the loss of HLA class I in sporadic MSI-positive and HNPCC MSI-positive tumors was discovered by Dierssen et al. 18 Sporadic MSI-positive tumors were associated with defects in the APM, whereas the loss of HLA class I molecules in the HNPCC MSI-positive tumors were correlated with defects in the β2-microglobulin expression. In addition to antigen presentation on tumor cells per se, efficient professional antigen presentation (i.e., priming of naïve T cells by DCs) must take place.
The purpose of this paper is to critically review current knowledge about how DC function is inhibited in CRC, with a special focus on how knowledge about tumor evasion might help to improve the generation in the future of the different types of recently developed DCbased therapies.
DC differentiation, maturation and activation
To fully comprehend the strategies of DCbased therapy and how colorectal tumors might evade it, a basic understanding of the DCs is necessary. DCs are professional antigen-capturing and presenting cells that efficiently process proteins and present peptides fragments on both MHC class I and II molecules along with appropriate co-stimulatory molecules. The progenitor DCs are distributed through the blood circulation to peripheral tissues and are found under most surface epithelia and in solid organs. In this state they are not yet able to mobilize or elicit immune responses, which is why they are called immature DCs. The primary function of these cells is to scan peripheral tissues and lymphoid organs for any antigens, which they engulf through pinocytosis, phagocytosis, or receptor-mediated mechanisms. The types of antigens that can be captured may be products or debris made by viruses, bacteria, or even tumor material.
A process called cross-presentation allows DCs to take up an extracellular antigen and present part of it on MHC class I molecules, which in other cells are usually restricted to presenting intracellular antigens. 19 After antigen capture and processing, the DC matures and migrates to a draining lymph node, where it eventually interacts with naïve T cells. The DC enters a draining lymph node from the afferent lymphatics. CCR7 is considered a gatekeeper chemokine receptor that is induced during DC maturation and is required for the migration of DCs from the periphery to the lymph nodes. 20, 21 This receptor is specifically sensitive to the CCL19 and/or CCL21 chemokines produced by lymph node tissue and not only initiates migration but is also thought to contribute to the further maturational stages. [22] [23] [24] When entering the lymph node the DC has already made the transition to a mature non-phagocytosing DC and expresses vast amounts of long-lived HLA molecules and diverse adhesion and co-stimulatory molecules, making the DC a very potent antigenpresenting cell. The mature DC is less efficient at capturing and processing further antigens, but on the other hand it is highly efficient at T cell activation and co-stimulation. By presenting tumor-derived antigens to naïve T cells the DC activates and stimulates clonal expansion, allowing a specific immune response against the tumor. Nevertheless, several tumor-derived products in CRC, together with downregulation of HLA molecules, create an unique tumor microenvironment that prohibits DCs from presenting antigens in a way that elicits antitumor responses.
The development and regulation of human DCs is only marginally understood. 25 Translation to human from mouse models has been difficult because the relationship between mouse and human DC subsets remains in part elusive. CD34 + progenitor cells can differentiate into distinct dendritic precursor cells and form two major types of DC lineages: conventional DCs (cDCs), also known as myeloid DCs (mDCs), and plasmacytoid DCs (pDCs), sometimes called lymphoid DCs (lDCs). 26 A common conception has been that cDCs originate from a myeloid progenitor and pDCs from a lymphoid progenitor. However, evidence has been presented in mice for generation of both cDCs and pDCs from both common lymphoid and myeloid progenitors. 27 In addition, it has been shown that a common CD11c + DC precursor in blood can develop into both pDCs and cDCs. 28 cDCs further differentiate into interstitial DCs, dermal DCs, and Langerhans DCs. pDCs look similar to plasma cells, but share particular features with cDCs. 29 Other characteristics are not shared with either plasma cells or cDCs, i.e., they can produce large amounts of type I interferon (α, β, ω) in response to viral and bacterial infections. 1, 30 After activation, pDCs differentiate into mature DCs that exhibit dendritic form and antigen-presenting functions, hence regulating the functions of T cells and forming a functional link between innate and adaptive immune responses. 31 In contrast to the DCs, which originate from hematopoietic progenitors, follicular DCs (FDC) 32 are probably of mesenchymal origin and will not be further discussed here.
The DCs can be impaired through specific mechanisms such as decreased generation, function inhibition, polarization of the DC subsets into inactive cells, or prevention of the DCs from coming into contact with naïve T cells. All of these mechanisms result in a lack of T cell stimulation and hence no specific immune response against the tumor cells.
Knowledge obtained from tumor evasion mechanisms in CRC now provides the opportunity to specifically design improved DC vaccines, trying to make them as unaffected as possible by immunosuppressing tumor-derived products while still inducing a potent immune response. For this to succeed, several parameters, both in the vaccine production and in the tumor environment, need to be investigated and characterized before they can be optimized and controlled.
Dendritic cell dysfunction in CRC
Numerous studies have shown that tumor development is strongly influenced by its microenvironment. 33 A tumor-supportive environment is created by several different cells including both stromal and non-malignant cells. In many tumor microenvironments macrophages are the most frequent immune cell, and macrophage blood precursors have been suggested to be recruited by the tumorcell-produced CCL2 chemokine, VEGF, PDGF, TGFβ and M-CSF. 34, 35 The tumor-associated macrophages play an important role in tumorigenesis and have in some models been shown to be necessary for the formation of metastases. 36 Other immune cells in the tumor microenvironment include T cells, NK cells, granulocytes, monocytes, and DCs. 37 A group of myeloid cells that in mice can be distinguished at an early stage of differentiation because of their CD11b and Gr1 expression are called myeloid-derived suppressor cells (MDSCs). 38 Examples of these CD11b + Gr1 + precursor cells are immature DCs, immature macrophages, and immature granulocytes. Under normal circumstances the CD11b + Gr1 + precursor cells can differentiate into healthy cells such as mature DCs, but an alteration in the cytokine and chemokine balance due to tumor growth, infection, or immune stress may lead to their suppressive phenotype and the induction of tolerance in peripheral organs. Some of the tumor-derived products involved in the regulation of MDSC generation, recruitment, and activation are CSF-1, IL-6, VEGF, IL-10, GM-CSF, IL-13, IFN-γ, and PGE. They primarily trigger signaling pathways on MDSCs that involve the Janus kinase (JAK) protein family that activates the main transcription factor STAT3, which in turn regulates MDSC expansion. Some of the tumor-derived products implicated in MDSC immune suppression will be described below in more detail, but several others exist that are not included in the scope of this paper (e.g., TGF-β, arginase 1, iNOS, ROS), and in CRC a crucial link has been suggested between the immunosuppressive tumor environment and MDSCs. 39 DCs are modified by the tumor microenvironment through several mechanisms that protect the tumor from recognition by T cells. and presentation or lack of production/differentiation/maturation; ii) induction of apoptosis in DCs; iii) polarization of DC subpopulations into immunosuppressive or tolerogenic cells; iv) avoiding attraction of DCs to the tumor site by downregulation of DC-attracting chemokines. Multiple stroma-and tumorderived factors have been recognized to have the potential to alter the DCs at tumor sites or systemically. We describe here a subset of factors with DC-altering mechanisms representing what we think is, from a DC point of view, a key set of stroma-and tumor-derived factors in CRC.
Vascular endothelial growth factor
Vascular endothelial growth factor (VEGF) is a homodimeric glycoprotein produced in normal cells especially during embryogenesis and neovascularization, but it is also a well-known tumor-derived product. 40 It possesses the ability to develop new blood vessels which are necessary for a tumor growth of more than 2 mm, but it can also inhibit DC maturation by acting on CD34 + hematopoietic progenitor cells. VEGF has been shown to block generation of DCs by binding to the Flt-1 receptor and thus stop further activation of the transcription factor NF-κB. This was discovered from in vivo murine studies in which administration of recombinant VEGF showed significant reduction of DC generation. 41 Another study showed that VEGF leaves the CD34 + hematopoietic progenitor cell unable to differentiate further and the DC production stops. 42 The effect of VEGF on DCs was fully verified in vitro when anti-VEGF antibody applied in a tumor-cellconditioned medium with CD34 + hematopoietic progenitor cells led to full generation of DCs. 43 Gabrilovich et al. suggested that the H1 histone gene was implicated in the malfunction of DC production and was inhibited by several tumor-derived products including VEGF. Mouse specimens lacking the H1 histone gene were found to have a significantly lower production of DCs but a normal amount of serum macrophages, granulocytes, and lymphocytes. They further demonstrated that H1 histone expression was regulated through the transcription factor NF-κB, a transcription factor blocked by VEGF. This fact led to the hypothesis that the H1 histone might play a pivotal role in the regulation of DC generation further down the NF-κB pathway. 44 
Interleukin-10
Interleukin-10 (IL-10) is another cytokine important in CRC and is well known to be an immunosuppressant resulting in insufficiencies in antigen presentation, T cell proliferation, and Th1 cytokine secretion. Several different models have been used to analyze the role of IL-10 in different cancers, and depending on the model used either a tumor-promoting or a tumor-inhibiting effect has been seen. 45 IL-10 directly inhibits both the generation and differentiation of DCs. 46 DCs derived from transgenic mice with overexpression of IL-10 have a lower chance of stimulating allogeneic T cells, cytotoxic T lymphocyte (CTL) responses, and production of the protumorigenic cytokine IL-12. 47 DC maturation and function depend on CD40/CD40 ligand interaction, and Shurin et al. showed that, in MC38 colon adenocarcinoma tumor models, DCs had a downregulation of the CD40 expression which was directly due to IL-10. The correlation was further supported by the use of anti-IL-10 antibody, resulting in increased concentration of CD40-dependent IL-12. 48 As mentioned above, the effect of IL-10 on tumor development varies, but several preclinical and clinical experiments have shown an antitumor effect and regression of tumors after IL-10 treatment. 49, 50 Interleukin-8
Interleukin-8 (IL-8) is a multifunctional member of the CXC chemokine superfamily. It is also a normal product of human colonic crypt cells and is thought to attract neutrophil granulocytes in inflammation and to promote angiogenesis to damaged vascular epithelial cells. [51] [52] [53] Various neoplasms express IL-8 constitutively, and when colonic cells become malignant the IL-8 production is much greater than in healthy tissue. In CRC IL-8 has been suggested to provide both autocrine growth and angiogenesis to malignant cells. An increasing body of evidence also indicates that in CRC IL-8 production is a hallmark of cancer progression and metastatic potential. 54, 55 Anti-IL-8 antibody can be used to inhibit cell division, implying that IL-8 is not the only stimulus in cell growth but certainly has an influence on proliferation. 51 A clinical trial suggested a link between IL-8 and defective DCs. 56 Patients suffering from cancer, including CRC, were given intratumoral injections of the antitumorigenic IL-12, and retention of DCs was found. Consequently these DCs were not able to migrate to lymph nodes and start an immune response. The common denominator of the cancer types was the elevated concentration of IL-8, and it was also found that the DCs expressed both the IL-8 receptors CXCR1 and CXR2 on their cell surface. Neutralizing antibodies against IL-8 prevented infiltration and, most importantly, retention of DCs into the tumors, and hence the role of IL-8 was suggested to be as a chemoattracting agent for DCs.
Macrophage colony-stimulating factor and Interleukin-6
Macrophage colony-stimulating factor (M- 57 M-CSF has been shown to be produced by colon carcinoma cells 58 and IL-6, secreted by macrophages and T cells, has been shown to inhibit some of the later stages of CD34 + hematopoietic precursor cell differentiation. CD34 + hematopoietic precursor cells normally differentiate into various cells including DCs, but when M-CSF and IL-6 are produced in cancers they polarize the CD34 + hematopoietic precursor cells towards a non-DC-producing cell lineage. [59] [60] [61] A study of IL-6 knockout mice showed that these mice had increased amounts of mature DCs, suggesting that IL-6 might play a role in maintaining DCs at the immature stage. This study further showed that IL-6 activates the signal-transducing molecule STAT3, and that the IL-6 induced STAT3 pathway was indeed responsible for the inhibition of lipopolysaccharide-induced DC maturation. 61 Indoleamine 2,3-dioxygenase Indoleamine 2,3-dioxygenase (IDO) is an enzyme that in recent years has attracted much attention because it catalyzes the oxidative cleavage of the indole ring of several important regulatory molecules, including tryptophan. 62 Tryptophan is a key amino acid not only for pathogen proliferation but also for T-cell proliferation and differentiation. 43 IDO can be induced during an immune response in many cell types. 63 In 2006 Brandacher et al. published results from an in vitro experiment in which different human CRC cell lines were tested for IDO expression. 64 Without IFN-γ none of the CRC lines expressed IDO, but when IFN-γ was added they all expressed it. Subsequently the authors collected tumor tissue samples from 143 patients with primary CRC who were undergoing surgery. The results showed that in all 143 cases IDO was expressed in tumor cells, and antigen-presenting cells such as macrophages and plasmacytoid DCs were also found to be IDO-positive. These authors further demonstrated an inverse correlation between tumor-infiltrating T cells and IDO expression, and also showed a strong correlation between high IDO expression and the presence of metastases.
IDO dysregulation has been shown in pDCs and was suggested to be a result of tumorderived stimulating factors. Regulatory T cells (T-regs) can upregulate IDO expression in antigen-presenting cells, including DCs, through binding to CTLA-4. 65 
Dendritic cell-based therapy DC vaccine production
DCs are present in relatively low amounts in the body and are not easy to isolate in amounts usable for immunotherapy. Instead, the three main sources of mDCs used in clinical trials are in vitro culture of peripheral blood CD14 + monocytes, CD34 + hematopoietic progenitor cells, and circulating DC precursors, which, with the addition of certain key cytokines such as GM-CSF, TNF-α, or IL-4, produce monocytederived DCs (Mo-DCs), CD34 + -derived DCs, and peripheral-blood DCs (PBDCs), respectively [66] [67] [68] [69] [70] (Figure 1 ). This way of generating DCs also offers the distinct advantage of vaccine modification. Determining parameters such as DC subset, maturational status, antigen type, and cell surface activation molecules may lead to more specific antitumor therapy, and, most importantly, provides the possibility of bypassing the immunosuppressive factors caused by the tumor microenvironment. 66 However, the large variability in vaccine protocols, relating to antigen type, dose, injection frequency, and route of administration, among others, has made it very complicated to compare and draw any firm conclusion from these studies. For this reason, the outcomes of DC vaccines in clinical trials will not be in focus in the following section, but rather various options in the fabrication of DC vaccines that may help avoid tumorinduced DC dysregulation.
DC subset of choice
Finding the most immunogenic and least tolerogenic DC subset has proven difficult, since most findings from murine studies are difficult to apply to the human setting. Comparative reports made have indicated that circulating myeloid DCs have the best possible migration to the lymph node but also have impaired secretion of immunostimulatory cytokines. CD34 + -derived DCs are suggested to be more immunogenic and thus more capable of presenting the antigen of choice in a potential vaccine. However, since it has turned out that Mo-DCs are easier to manufacture they are the most commonly used subset in clinical trials. 67 
Mature vs immature DCs
Antigen presentation by DCs can lead to either tolerance or activation, and for this reason it is of great importance to understand this process in detail when an immune response with subsequent elimination of tumor cells is the goal. One factor of major impact is the maturational status of the DCs, since antigen presentation by immature DCs is poorly immunogenic and the antigen presentation by these cells to naïve T lymphocytes has in some cases indeed been shown to induce tolerance rather than activation 68, 69 (Figure 2 ). Maturation can easily be induced ex vivo by coculturing the DCs with a combination of inflammatory stimuli (TNF-α, IL-6, IL-1β, PGE2), and it is the mature DCs that are most often used in vaccine protocols.
Type of antigen and loading technique
Cultured DCs can be loaded with several different types of antigens in order to elicit a tumor-specific immune response, and the most common procedure has been loading HLA molecules with peptides from defined antigens. This presents several disadvantages, such as limited well-characterized tumor-associated antigens (TAAs), matching the peptide with a specific HLA allomorph, and also that the exogenous peptide-loaded HLA complex is only presented on the DC surface for a short period of time before arriving at a draining lymph node. 70 This has led to the creation of several alternative antigen-loading strategies in the hope of filling all available HLA molecules with antigens. One method aimed at improving the vaccines has been the use of proteins instead of peptides since these may result in multi-epitope presentation on the DC surface. Unfortunately this method has turned out not to be very immunogenic. Other techniques has also been tried, such as loading tumor RNA straight into the nucleus of DCs by a gene gun, or loading viral vectors with an antigen of choice, which is named gene transfer. 71 Viral vectors such as adenoviruses or poxviruses have been used to treat colon carcinoma, and these can be loaded with tumor RNA by attaching the latter to the surface of the virosome and incorporating it inside the vesicles. [72] [73] When the viral vector is caught by the DC, the surface antigen will be processed in endosomal compartments and presented by HLA class II molecules to CD4 + T cells, whereas the RNA loaded inside the virosome infects the DC and is delivered into the nucleus. The RNA is then expressed and transported to the cytosol, where it is degraded into peptides by proteasomes. The peptides are further processed by the ER and Golgi apparatus and finally presented on the surface by HLA class I molecules to stimulate CD8 + T cells. By using this method, both HLA class I and HLA class II molecules are loaded and can present antigen at the cell surface, producing a more powerful and diverse immune response. In a set of clinical trials, recombinant viral vaccines have been shown to be more immunogenic than peptide and protein vaccines, and in addition the viral vectors can include genes that produce immunostimulatory cytokines such as IL-12 or co-stimulatory molecules such as B7.1. 69, [74] [75] 
Review

Administration route
One issue that still remains unclear is what administration route is the most favorable. In regard to CRC it is has been suggested that an intranodal injection of DCs could help bypass the negative effects of IL-8 that may cause tumor retention of DCs. 76 It has been proposed that injecting DCs produced ex vivo or even autologous DCs into a lymph node with the assistance of ultrasound could prevent this tumor retention of DCs. 71 
Enhancing DCs in vivo
Although DC vaccines produced in vitro can be administered through several routes, the DCs in these vaccines do not possess the same migratory efficiency as the DCs stimulated in vivo. For this reason, attempts have also been made to induce maturation of DCs in vivo, and one approach has been to incorporate antigens into monoclonal antibodies that target a specific DC surface molecule. 72 Injecting this type of vaccine with an adjuvant may allow the DCs to be activated in a natural setting. By targeting the CD8 + cDCs, which possess the ability to present both types of HLA classes, the DCs may enhance both the cytotoxic T lymphocyte response and the antibody response.
Discussion
Almost 20 years ago Inaba et al. demonstrated that isolated DCs pulsed with antigen ex vivo could be injected into mice and elicit an immune response against cells bearing the same antigen. 73 The idea of ex vivo loading of DCs for vaccination purposes is indeed still highly attractive. Today the production of DC vaccines has shown that some of the immunosuppressive mechanisms induced by the tumor microenvironment -e.g., inhibition or polarization of DC generation, differentiation, and maturation -can be avoided by producing DCs ex vivo or enhancing the existing DCs in vivo. This may prevent DCs from inducing T cell tolerance or anergy. Breaking the suppressive microenvironment in the tumor has also been attempted by targeting the angiogenic VEGF, IDO, and other relevant cytokines such as M-CSF, IL-6, and IL-10. These suppressive factors have mostly been targeted singly in studies, but instead a combination of several anti-monoclonal antibodies specifically targeting these substances could perhaps improve the outcome. Moreover, designing a vaccine that could inhibit as many of the immunosuppressive factors as possible would create a less hostile environment for the DCs in vivo, and this could therefore be an alternative to the timeconsuming ex vivo production of DCs. The questions still remain, however, of why many clinical trials have shown poor results and what role DC vaccines should be given in cancer therapy.
One vital factor that must be accounted for when discussing the lack of clinical effects is tumor burden. It is well known that in some cases activated effector cells are unable to infiltrate and destroy very large and solid tumors, and this may be the main reason why DC vaccines are not very eligible as primary antitumor therapy. Among 121 CRC patients subjected to DC therapy, none demonstrated clinical responses (partial or complete response), but 26 patients showed immune responses (detected by assays such as ELISPOT, tetramer staining, delayed-type hypersensitivity). 77 The amount of tumor burden in each patient further complicates the process of comparing clinical results unless the patients are carefully grouped according to such factors as tumor grade, tumor size, and the presence of metastasis. In CRC the main tumor burden is conventionally removed surgically and the patient then undergoes chemotherapy. This may provide a better environment for DC vaccines even though cells of the immune system are also damaged by chemotherapy. In fact, one hypothesis is that DC vaccines injected after chemotherapy may even have the benefit of taking up greater amounts of available antigens from the debris produced by necrosis or apoptosis. 78 Another advantage of chemotherapeutics such as cyclophosphamide might be the fact that they also inhibit T-regs, which could not only prevent IDO expression but also suppress the known immunosuppressive secretion of cytokines IL-10 and TGF-β by T-regs. Ultimately, therefore, chemotherapy might work synergistically with DC vaccines, and this could lead to a better activation of DCs and could prevent tolerance induced by T-regs.
A different kind of drug that might potentially produce synergistic effects with chemotherapy is the IDO inhibitors. IDO inhibitors of the 1-methyl-tryptophan (1MT) type consist of two different stereoisomers, the D-and the L-form. These two stereoisomers have been shown to have two different roles, since the 1MT L-form is a more potent inhibitor against IDO in general whereas the 1MT D-form is more effective at inhibiting IDO expression on tolerogenic DCs and is more effective when given in combination with chemotherapeutics. 65 Hence, the DC dysfunction in CRC might benefit more from the D-form than the L-form of 1MT; but comparative studies are required to further explore this hypothesis.
MDSCs might also be eradicated by chemotherapy and the tolerance induced by TGF-β and the inhibiting functions of reactive oxygen species (ROS), arginase, and NO could be reduced. 79 However, other methods that target the immune-suppressing functions of MDSCs have been proposed, and results from on-going trials are awaited with great anticipation. One method is to deplete MDSCs from the organism by using monoclonal anti-Gr1 antibodies or a DNA vaccine targeting legumain, which is a protease overexpressed by MDSCs. Another proposed method is to pharmacologically inhibit the enzymes NOS and arginase by the PDE-5 inhibitor sildenafil or inhibit ROS by ROS inhibitors. 14 An attractive idea for inhibition of MDSCs is to use a combination of substances that could induce full maturation of the MDSCs into mature DCs, which would not only restrain the suppressing abilities of the MDSCs, but in fact provide the immune system with additional professional antigen-presenting cells to potentiate an even more powerful immune response. Therefore, creating a DC vaccine incorporating cytokines that would induce maturation of MDSCs to DCs would prevent the need for an anti-MDSC therapy and make MDSCs friends instead of foes.
There are many challenges regarding the design and production of the optimal DC vaccine. Which antigens should be used may depend on both the individual and the tumor type, but preferably the antigen should be Review N o n -c o m m e r c i a l u s e o n l y expressed in a significant amount on the tumor, so that the immune response should target the tumor cells but not normal cells. Using self-proteins as a source of antigen makes it essential to evaluate the risk of autoimmune reactions. In CRC the carcinoembryonic antigen (CEA) is often chosen as a target since this antigen is heavily overexpressed in tumor tissue, although it is also expressed, but in much lower amounts, in normal tissue such as colonic crypts. 75 Several clinical trials targeting this antigen in patients injected with DC vaccines did not show any serious autoimmune or toxic effects, which support the theory that DC-based therapy is a relatively safe method in cancer immunotherapy. 80 Another hope for the future to achieve successful treatment of CRC is to find more tumor-specific antigens. Four nuclear matrix proteins have already been found: colon cancer-specific antigens 2-5, which, as the names imply, are specifically expressed in CRC. 81 Besides the fact that these antigens could be potential tumor markers and help in the diagnosis of CRC at an early stage or at disease recurrence, they also present an opportunity of specifically targeting the malignant cells.
The frequent impairments, whether direct or indirect, of HLA class I expression in CRC are good examples of tumor evasion. 14 The qualitatively and quantitatively altered peptide repertoire presented by these tumor cells may be significantly different from peptides presented by cells with intact APM and HLA class I expression, such as DCs. This strongly suggests that HLA class I expression should be considered when developing DC-based therapies. When it comes to adjuvants, the knowledge obtained from the tumor-evading techniques in CRC raises a very important question, which is whether we are still to regard IFN-γ as a critical player in antitumor therapy or not. If IFN-γ does prevent T cell proliferation and differentiation as a result of IDO upregulation, and activates MDSCs, perhaps its beneficial effects such as activating macrophages and improving their HLA class I and II expression might not outweigh the negative effects. Further comparative results are needed to decide whether IFN-γ should still be used as an adjuvant or not. Another drug considered as a potential adjuvant for the treatment of metastatic CRC in the future is bevacizumab. This drug consists of monoclonal antibodies that bind to the VEGF receptors and thereby inhibit tumor angiogenesis and recruitment of progenitor cells from the bone marrow. 82 Bevacizumab is an FDA-approved drug and its effectiveness as a monotherapy has already been documented. 82 However, one fundamental reason for the prospective use of bevacizumab as an adjuvant is because the effects that normalize tumor vasculature could possibly enhance the delivery of chemotherapeutics to tumors, which ultimately would improve the effects of the chemotherapy. However, the combination of bevacizumab with chemotherapy as a potential treatment in CRC still needs to be refined, because of several side effects and because the greatest effect of bevacizumab is seen above the maximum tolerable dose. 83 
Conclusions
Several studies using different models and species have shown how the tumor environment inflicts its inhibiting effects on the differentiation of progenitor cells to DCs as well as on DCs per se, and how this results in markedly reduced immune responses against malignant cells. The knowledge gained from the characterization and understanding of these complex immunosuppressive mechanisms enables us to circumvent some of these negative effects through vaccine design and administration. However, to date DC-based vaccines have shown limited clinical success, probably due to a combination of tumor burden and the fact that many things remain to be understood about the tumor environment and DC biology. Thus, identification of tumorderived substances and strategies to block these are important if the therapeutic qualities and outcomes of DC vaccines are to be enhanced. There is still a great deal of room for improvement of DC-based therapy, and at this point DC vaccines may as yet be inadequate to stand alone in cancer therapy; but they are a highly attractive therapy in combination with other therapeutic methods. For further improvements of DC-based therapies it is of the utmost importance that the methods used to define clinical effects follow strict guidelines so as to ensure objectivity and provide a basis for valid results that can be used in cancer research. Better efficacy of the DC vaccines, combined with their relatively safe and non-toxic characteristics, may therefore give the DCs an interesting role in combination therapy with other modalities such as chemotherapy, radiotherapy, or even other types of immunotherapy in the future. 
